In the previous study, crack initiation from a free edge along an interface between Cr microdot and SiO 2 /Si substrate was experimentally investigated and theoretically analyzed within the framework of fracture mechanics. Since the size of stress concentrated zone confined to a nanoscale, it was questionable whether the fracture mechanics was still valid or not. The cohesive zone model (CZM) has advantages in describing cracking behavior along an interface. However, its 3-D applicability in nanoscale components has not yet been investigated. In this study, a three-dimensional cohesive zone model of exponential type is used to extract the toughness for the crack initiation along the interface between Cr microdot and SiO 2 /Si substrate with the nanoscale stress concentration. After the CZM parameters for the Cr/SiO 2 interface cracking are calibrated by an experiment, its validity is examined by other experiments. This study demonstrates the applicability of the three-dimensional CZM to the characterization of interface fracture behavior in nanoscale components.
Introduction
With recent advancements in nano-and micro-processing technology, small components such as islands, tubes, and thin films have been widely used in many functional devices. Since these are usually fabricated on a substrate, intrinsic bi-material interfaces are inevitably introduced into the devices. These interfaces are potential sites for fracture because of the stress concentration due to the deformation mismatch (1) , (2) . Thus, in order to assure the reliability and integrity of these devices, it is critically important to evaluate the interface bonding strength. Stress concentration is induced near the free edge of an interface by the deformation mismatch without a crack or notch, and it governs the crack initiation of a bi-material interface in a bulk (3) , (4) . Experimental investigations have been conducted on the crack initiation from the interface edge in the nanoscale components (5) - (8) . However, as the size of stress concentrated zone is several tens of nanometers in the microdots (5) , the cracking criterion based on the conventional fracture mechanics becomes questionable. Therefore, it is necessary to find an approach which can give proper parameters to represent the interface toughness in the nanometer scale, and extract a unified criterion for crack initiation at the interface edge. Recently, the cohesive zone model (CZM) has been used as an analytical tool for the simulation of fracture process. Different types of CZMs such as trapezoid type (9) , bilinear type (11) and exponential type (17) , have been proposed to study the bi-material interface crack in many investigations (9) - (14) . The CZM can be designed for different length scales, ranging from the atomic scale (15) to the macroscopic scale (16) . This offers great flexibility compared to other methods. Thus, the CZM can more conveniently describe the crack initiation at the interface edge in small components, and provide an intrinsic parameter to represent the interface toughness. In this work, the three-dimensional exponential CZM (17) - (19) is used to simulate the crack initiation at the interface edge, and its applicability to interface crack in micro-scale components is examined.
Experiment on initiation of interface crack

Experimental specimen and method
The interface strength of a chromium micro-dot on a SiO 2 /Si substrate was experimentally examined. After the microdot shown in Fig. 1 was formed by sputtering and etching, a lateral force was applied using an atomic force microscope (AFM) as illustrated in Fig. 2 . Here, the AFM was modified to independently control/measure the lateral and normal load and displacement of the loading tip during the test. A tetrahedral diamond tip was dragged horizontally under a slight and constant normal force on the substrate surface, and the lateral load was applied directly to the microdot until the microdot completely separated from the surface. As Cr has a high yield stress, it underwent with no plastic deformation in the experiment. A series of microdot specimens (Table in Fig. 1 ) were tested using the experimental setup shown in Fig. 2 . 
Experimental results
The obtained relationship between the lateral force and the lateral displacement of specimen A3 is shown in Fig. 3 . After the loading tip hit the microdot, the load monotonically increased, and then sharply dropped from its peak due to the delamination. No plastic deformation occurred in the Cr microdot and SiO2 substrate during the loading process, and the fracture process was brittle. The peak value provided the critical condition for interface cracking. Fig. 4 summaries the critical lateral forces obtained by the tests. It reveals that the specimen A3 shows about 1.6 times large critical force to the specimen A2. The reader can find the experimental detail in the original paper (5) if necessary.
In the numerical calculations of this study, the early stage in the loading curve is omitted because it includes experimental error introduced by relative sliding between the loading tip and the microdot. The dash line in Fig. 3 shows the re-established experimental curve adopted here. 
Cohesive zone model
The CZM is a phenomenological model within the continuum mechanics framework. With the increasing of interfacial separation, the tractions across the interface increase to reach a maximum, and then decrease, eventually vanishing with complete separation. The constitutive relation of the CZM can be briefly described as below.
Let us consider a solid with an interface S, and define orthonormal coordinates {n, t 1 , t 2 } at each point on S, where n is the normal vector to S and t α (α = 1, 2) are two tangential vectors on S. The displacement field in the solid is denoted as u(x), which is continuous except on S. The displacement at each side of the interface is defined by For an elastic interface, this relationship can be defined using an elastic potential function, φ, as n t n t , and .
Although various forms of φ have been proposed in different numerical simulations, an exponential-type CZM (17) is adopted in this study. Its potential function is of the form 2 t n n n n t n n 2 n n n t 
With ∆ t = 0, the normal traction-separation relationship governed by Eq. (3) is shown in Fig. 5(a) while Fig. 5(b) shows the shear traction-separation relationship for ∆ n = 0. 
FEM model
Numerical simulation of the interfacial crack initiation in the microdot structure is conducted using a finite element method (FEM) of commercial software, ABAQUS. Based on the experimental details such as the geometric shape, materials, and loading conditions, a three-dimensional geometric model is constructed for half of the specimen. Then, the half of the magnitude of both lateral force and normal force is applied on the upper left tip of the dot, and the symmetrical boundary condition is defined onto the cross-section of the microdot structure as shown in Fig. 6(a) . In the FEM model, the Cr/SiO 2 interface is defined as a thin layer obeying the constitutive relation of exponential CZM, in which three-dimensional 8-node cohesive elements are arranged along the thin layer. The corresponding constitutive relationship, i.e. traction-separation relation of cohesive law, is implemented through the user subroutine UEL of ABAQUS. For the other parts of the model, we use ordinary three-dimensional 8-node solid elements. The corresponding material properties are listed in Table 1 . The area near the free edge of the interface is carefully divided into fine meshes as shown in Fig. 6 (b) because stress concentration is expected. 
Results and discussions
Numerical results with CZM
The independent parameters of the exponential CZM are the cohesive strength (σ max and τ max ) and the interface characteristic length parameter (δ n and δ t ) for a mixed-mode fracture. Based on the geometric shape and the loading conditions of the microdot, the fracture process can be regarded as a mixed-mode one. The coupling parameter, q = φ t /φ n , is mostly set equal to the unity by the researchers (20) - (22) . And it gave the physically realistic fracture behaviors by numerical simulation (23) . Therefore, this study follows the results of previous researchers, i.e.φ = φ n = φ t . Also, the interface characteristic length parameters are assumed to have same magnitude, i.e. δ = δ n = δ t following predecessors (21) , (24) . Since Eq. (5) gives
we have two independent parameters, φ and δ. The effect of cohesive energy, φ, is investigated using the experimental data of specimen A3 by trial and error with δ = 10 nm. Figure 7 shows the calculated force-displacement curve with different cohesive energies. The right figure is an enlarged view of the square region in the left near the critical lateral force for the crack initiation. The calculated critical lateral force is defined as the load under which the separation between the top and bottom face of CZM element becomes larger than the interface characteristic length parameter, δ, which represents the damage onset in the CZM element at the interface edge.
When the cohesive energy increases, the obtained critical lateral force becomes larger.
When the cohesive energy φ is larger than 1.4 J/m 2 , the calculated critical lateral force is much larger than the experimental result. In contrast, the simulation with φ = 1.4 J/m 2 gives a reasonable prediction of the critical lateral force. The initial cohesive energy is set to 1.4 J/m 2 in the subsequent calculations. We repeat the above processes ( Fig. 7 and Fig. 8 ) in order to find the most appropriate CZM parameters. With δ = 8 nm, the cohesive energy is reset into a new smaller range, i.e. 
Effect of mesh size on the cohesive parameters
Because a large stress gradient exists near the interface edge, the dependence of obtained cohesive parameters on the FEM mesh size is examined in this section. Under the obtained cohesive parameters, cohesive elements near the interface edge with different size, i.e. 1 nm×1 nm, 10 nm×10 nm, 20 nm×20 nm and 30 nm×30 nm, are conducted in the calculations. Figure 10 shows the comparison between the obtained calculated curves and experimental one. It clearly shows that when mesh size is between 1 nm and 10 nm, the calculated curves are not sensitive to the mesh size at the interface edge. Thus, we use the mesh size around 1 nm×1 nm in our calculations. 
Application of obtained CZM parameters in other specimens
In the CZM framework, the interface toughness is represented by the CZM parameters. For the exponential CZM here, the representative CZM parameters are the cohesive energy, φ, and the interface characteristic length parameter, δ. In this study, the toughness of Cr/SiO 2 interface represented by CZM parameters was solely determined from the experimental result of specimen A3, and the reliability of CZM was examined with other specimens, i.e., A1, A2 and A4. Table 3 shows the comparison of predicted critical lateral force of specimens A1-A4 with the corresponding experimental result by using the obtained interface toughness of specimen A3. The maximum relative error is less than 10%. Comparing with the fluctuation of experimental critical lateral forces in Fig. 4 , which reaches the maximum difference of about 60%, the fluctuation is greatly decreased. This means that the fluctuation induced by difference in specimen size/shape has been removed by the CZM. The relative errors between the calculated and experimental critical force in Table 3 are induced by the experimental error and the diversity in interface microstructure at the interface edge. Therefore, the three-dimensional exponential CZM reliably simulated the fracture process along the Cr/SiO 2 interface. 
Conclusions
In this study, the crack initiation at the free edge of a Cr/SiO 2 interface within a microdot was simulated by using a three-dimensional exponential CZM together with a finite element method. The obtained results can be summarized as follows:
(1). By calibrating with an experimental result, the CZM parameters of the Cr/SiO 2 interface, i.e. the cohesive energy φ, and the interface characteristic length parameter δ, were determined to be φ = 1.15 J/m 2 , δ = 8 nm, respectively.
(2). The CZM gives reliable prediction on the interface toughness of other specimens for the nanoscale stress concentration.
